ABSTRACT. In this study, the complete coding region sequence of an innate immune-related TLR4 gene was obtained from the Tibetan macaque (Macaca thibetana) genome via PCR and direct sequencing. The sequence had a total length of 2481 bp, contained 3 complete exons, and encoded 826 amino acids (AAs); its isoelectric point was 5.703, and the molecular weight was 94.72 kDa. The high structure prediction showed that the protein was comprised of one extracellular region, one transmembrane region, and one intracellular region. There were 48 potential functional sites in the protein, including glycosylation, phosphorylation, and acetylation sites. A homology analysis among 9 primate species, including the Tibetan macaque, human, chimpanzee, gibbon, rhesus macaque, cynomolgus monkey, pig-tailed monkey, squirrel monkey, and small-eared galago, showed that the homology of the nucleotide and AA sequences ranged from 60.9-99.5% and 51.4-99.0%, respectively. Higher variability was identified in the extracellular region of the TLR4 protein, and its variable sites accounted for 88.79% (AA) of the total variable sites. Additionally, the number of AAs at the 3' end of the intracellular region was notably different among the primate lineages. The phylogenetic tree based on TLR4 gene exons of 9 primate species showed that the Tibetan macaque clustered with the rhesus macaque, cynomolgus monkey, and pig-tailed monkey; it was most distant from the small-eared galago. This study will provide an important basis for further study on the expression, regulation, and polymorphism of the TLR4 gene and the relationship between polymorphisms and host disease susceptibility.
INTRODUCTION
The Tibetan macaque (Macaca thibetana), also known as the Sichuan shorttailed monkey and Daqing Monkey, has a broad distribution in China, mainly in Sichuan, Guizhou, northeastern Yunnan, Hunan, northeastern Guangxi and Guangdong, Fujian, Jiangxi, Zhejiang, and Anhui (Jiang and Wang, 1996) . There is also a small population distributed throughout India (Kumar et al., 2005) . In recent years, due to the excessive interference of human activities such as the deforestation, reclamation, and poaching, the number of wild Tibetan macaques has drastically reduced and its habitat has been severely fragmented. Currently, the Tibetan macaque is considered an endangered species. It is listed in Appendix II of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES), categorized as "Near Threatened" in the International Union for Conservation of Nature (IUCN) Red List of Endangered Animals, and listed as a second-class protection animal under Chinese wildlife protection laws. Tibetan and rhesus macaques (Macaca mulatta), commonly used as experimental animals, belong to the same genus (Macaca) and have a close genetic relationship. Moreover, the Tibetan macaque has several advantages; it has a longer life span, larger body size, is docile and easy to tame, and has high similarity to the morphology and physiology of humans. Thereby, it has great potential value in biomedical studies such as ophthalmology, obesity, metabolic disease, infectious disease, and organ transplantation (Liu et al., 2011; Ling et al., 2012; Yi et al., 2012) . Recently, studies on the Tibetan macaque have primarily focused on its ethology (Zhao, 1997; Li et al., 2007; Xia et al., 2012 Xia et al., , 2013 , rearing, and disease prevention (Zhong et al., 2010; Wu et al., 2013) . In molecular genetics, only a small number of studies on mitochondrial DNA (Li et al., 2008 (Li et al., , 2009 Yao et al., 2013a; Zhong et al., 2013) , microsatellite DNA (Jia et al., 2011 (Jia et al., , 2012 , and immunity genes Yao et al., 2013b; Liu et al., 2013) have been reported.
Toll-like receptors (TLRs) are among the most important pattern recognition receptors (PRRs) because they can recognize and respond to pathogen-associated molecular patterns (PAMPs) of bacterium, viruses, and parasites (Akira et al., 2006) . TLRs have a wide distribution in organisms; they are expressed in the intestinal epithelium, respiratory epithelial cells, endothelial cells, dendritic cells, rat spleen cells, and myocardial cells (Kokkinopoulos et al., 2005; Zhang et al., 2005) . TLR4 is an important member of the TLR gene family. It is able to specifically recognize the lipopolysaccharides (LPSs) on the surface of Gramnegative bacteria and is the major receptor of the natural immune system for pathogenic microorganism recognition. Hence, TLR4 is a bridge linking the innate and adaptive immunities. In particular, it plays an important role in congenital innate immunity (Chow et al., 1999; Beutler, 2005) . It has been shown that a mutation of the TLR4 gene can change the signal transduction of its coding protein and affect the resistance or susceptibility of the body to various diseases. Mutations of the human TLR4 gene are able to cause a reduction in response to the LPS of its host, which is associated with the pathogenesis of uterine endometriosis, systemic lupus erythematosus (SLE), and type II diabetes (Rallabhandi et al., 2006; Buraczynska et al., 2009; Verma et al., 2010; Latha et al., 2011) . In domestic mammals, it has been correlated with inflammatory bowel disease in dogs, infectious bovine keratitis, and rabbit digestive disorders (Kathrani et al., 2010; Kataria et al., 2011; Zhang et al., 2011) . In birds, it has been correlated with susceptibility to salmonella (Leveque et al., 2003) . In this study, we sequenced the complete protein coding sequence of an innate immune-related TLR4 gene in the Tibetan macaque via cloning and sequencing technology. In addition, we analyzed the characteristics of its nucleotide and amino acid (AA) sequences and its molecular evolutionary pattern in primates. This study will provide an important theoretical basis for the further study of the structure, function, genetic variation, and relationship to disease susceptibility of the TLR4 gene.
MATERIAL AND METHODS

Samples
DNA samples were isolated from the muscle tissue of 2 naturally deceased Tibetan macaque individuals in the wild by using the conventional phenol-chloroform method (Sambrook, 1989 ) and stored in a -70°C ultra-low temperature freezer for later use at the Wildlife Conservation Laboratory of Sichuan Agricultural University, China. All samples were collected in strict compliance with the Chinese Wildlife Conservation Act and the provisions of the Sichuan Agricultural University Ethics Committee. Materials such as the pMD18-T vector, LaTaq DNA polymerase, and Escherichia coli DH5α were bought from TaKaRa Biotechnology Co. Ltd. (Dalian, China). The PCR gel extraction kit and recombinant plasmid extraction kit were obtained from Shanghai Biological Engineering Technology Services Co. Ltd. (Shanghai, China).
Polymerase chain reaction (PCR)
According to the complete sequence (including exons and introns) of the TLR4 genes in the human, rhesus macaque, and cynomolgus monkey (Macaca fascicularis) published by GenBank, 3 pairs of PCR primers were designed using the Primer 5.0 software based on relatively conserved regions among the 3 species (Table 1 ). All primers were synthesized via Shanghai Biological Engineering Technology Services Co. Ltd. Using Tibetan macaque genomic DNA as a template, PCR was performed with a total reaction volume of 20 μL. This reaction system included 2 μL genomic DNA (30 ng/μL), 1.6 μL dNTPs (2.5 mM), 1.2 μL MgCl 2 (25 mM), 0.5 μL forward primer (10 μM), 0.5 μL reverse primer (10 μM), 0.5 μL Taq DNA Polymerase (2.5 U/μL), 14.2 μL ddH 2 O. The PCR reaction was as follows: initial denaturation at 94°C for 5 min; 35 cycles of denaturation at 94°C for 50 s, 63°/65°C for 40 s, and 72°C for 2 min; followed by a final extension at 72°C for 10 min; and then stored at 4°C. PCR products were observed via 0.8% agarose gel electrophoresis.
Purifying and sequencing of PCR products
PCR products were electrophoresed on the 1.2% agarose gel and then purified and recycled by using a gel extraction kit; the concentration and purity were estimated on the UV transmission stage and finally sequenced via Shanghai Biological Engineering Technology Services Co. Ltd.
Data analysis
To ensure that the sequences were correct, the obtained sequences were proofread and edited by the Chromosome 1.62 software and SeqMan program (DNASTAR Inc., 1996) of the DNASTAR software package. In this study, a homology blast search was conducted on the National Center for Biotechnology Information (NCBI) website. The base composition and homology analysis of the TLR4 gene coding region sequence were performed using the BioEdit Software. The online protein structure analysis software of simple modular architecture research tool (SMART) (http://smart.Embl-heidelberg.de/) was employed in the prediction of the Tibetan macaque TLR4 protein structure. The DNAMAN was used for the prediction and hydrophobicity analysis of the protein, and the Kyte and Doolittle algorithm was applied for the hydrophobicity analysis (Kyte and Doolittle, 1982) . Glycosylation and phosphorylation sites of the Tibetan macaque TLR4 protein were performed by using the ExPASy Proteomics Server Software (http://au.expasy.org), and the prediction of the transmembrane domain was completed by using the TMHMM program (http://www.cbs.dtu.dk/ services/TMHMM). The analysis of sequence characteristics such as base pair differences between sequences, variation sites, parsimony-informative sites, and base compositions were performed using the MEGA 5.05 software (Tamura et al., 2011) . The phylogenetic tree was constructed by the Kimura two-parameter model, based on the neighbor-joining (NJ) method with bootstrap test of phylogeny following 1000 replications. The TLR4 gene sequences of 8 other primate species were downloaded from the GenBank and used in this analysis, including Homo sapiens (DQ018109), Pan troglodytes (NM_001144863), Nomascus leucogenys (XM_003264057), Macaca mulatta (NM001037092), Macaca fascicularis (AB445643), Macaca nemestrina (GU9696914), Saimiri boliviensis (XM003925187), and Otolemur garnettii (XM003785249).
RESULTS
Sequence characteristics
The complete protein coding sequence (CDS) of the Tibetan macaque TLR4 gene (length, 2481 bp) was obtained by proofreading, sequence assembly, and homology comparison after sequencing; it encodes 826 AAs, except for terminator codons. In comparison to the 8 other primate species (i.e., human, chimpanzee, gibbon, rhesus macaque, cynomolgus monkey, pig-tailed monkey, squirrel monkey, and small-eared galago), the length of the Tibetan macaque TLR4 gene CDS was identical to that of the rhesus macaque, cynomolgus monkey, and pig-tailed monkey, which also belong to the genus Macaca but showed significant differences at the 3' end from animals belonging to other genera (Figure 1 ). For instance, the CDS lengths in the human and chimpanzee were 2520 bp, 39 nucleotides (12 AAs) longer than those of Macaca animals at the 3' end; that of the gibbon was the longest in length (2532 bp), which was 51 nucleotides (16 AAs) longer than those of Macaca animals at the 3' end; that of the squirrel and small-eared galago were 2499 bp, 18 nucleotides (5 AAs) longer than those of Macaca animals at the 3' end. With regard to nucleotide composition, the average contents of A, T, G, and C in the Tibetan macaque TLR4 gene were 27.61, 29.63, 20.84, and 21.98%, respectively, and the A + T (57.23%) content was higher than that of the G + C (42.77%) content, which shows that the A + T content was higher than that of the G + C content for the CDS of the Tibetan macaque TLR4 gene, thus exhibiting an obvious base bias.
Homology analysis of sequences
The nucleotide or AA sequence similarities of the Tibetan macaque TLR4 gene with the orthologous sequences of 8 other primate species were analyzed in this study (Table 2 ). These 8 included the human, chimpanzee, gibbon, rhesus macaque, cynomolgus monkey, pig-tailed monkey, squirrel monkey, and small-eared galago. The results showed that the identities of the nucleotide sequences were 94.8, 94.9, 94.3, 99.5, 99.3, 99.5, 92.4 , and 60.9%, respectively, and the identities of the deduced AA sequences were 92.4, 92.6, 92.0, 98.9, 98.7, 99.0, 90.6 , and 51.4%, respectively. The results of the comparison showed that the TLR4 gene was highly conservative across species. After further aligning the nucleotide and AA sequences of the TLR4 gene among the 9 species, 505 nucleotide variable sites were detected in the alignment of the coding nucleotide sequence (on the basis of the Tibetan macaque nucleotide sequence of 2481 bp), accounting for 20.35% of the total number of all sites. There were 109 parsimonyinformative sites, accounting for 21.58% of the total number of all variable sites; and 396 singleton sites, accounting for 78.42% of the total number of all variable sites. Moreover, a comparison of the deduced AA sequence (on the basis of the Tibetan macaque AA sequence of 826 AAs), 232 AA variable sites were detected, accounting for 28.09% of the total number of all sites. There were 54 parsimony-informative sites, accounting for 10.69% of all variable sites; and 178 singleton sites, accounting for 35.25% of the total number of all variable sites. In addition, when the extracellular, transmembrane, and intracellular regions were analyzed, it was found that the variability of the extracellular region was greater than that of the other regions (i.e., the transmembrane and intracellular regions) (Table 3 ).
Sequence analysis of Tibetan macaque TLR4 gene 
Protein characteristics
The TLR4 protein prediction analysis was performed by using the Proteomics Server software. The results showed that the protein had a molecular weight of 94.72 kDa, a PI of 5.703, a charge of 18.614 at pH 7.0; it contained 89 AA residues with negative charges (aspartate and glutamic acid), 67 AA residues with positive charges (lysine and arginine), and the other AAs were neutral; the polarity analysis of the AAs showed that the protein contained 252 polar AA residues (i.e., asparagine, cysteine, glutamine, serine, threonine, and tyrosine) and 322 nonpolar AA residues (i.e., alanine, isoleucine, leucine, phenylalanine, tryptophan, and valine). This protein has 3 types of 48 potential functional sites, including one threonine glycosylation site (611TPS), one serine glycosylation site (622SLN), 10 N-glycosylation sites (i.e., 35NITY, 173NLTN, 205NLSL, 282NLTI, 309NVSS, 497NLTF, 526NMSH, 575NLTQ, 624NITC, and 630NKTI); 22 serine phosphorylation sites, 7 tyrosine phosphorylation sites, 5 threonine phosphorylation sites, one threonine acetylation site (2TAS), and one threonine acetylation site (3SAL). The online TLR4 protein structure analysis of 3 primate species (i.e., human, Tibetan macaque, and rhesus macaque) by SMART (Figure 2) showed that the Tibetan macaque TLR4 protein was a transmembrane protein comprised of one extracellular region (AA1-633, 633 AAs), one transmembrane region (AA634-656, 23 AAs), and one intracellular region (AA657-826, 170 AAs). The extracellular region contained 12 leucine-rich repeats (LRRs), and the intracellular region contained one Toll/IL-1 like receptor homologous region (TIR). The Tibetan macaque TLR4 protein structure was almost entirely identical to that of the rhesus macaque but had many differences when compared to that of the human, primarily in the extracellular region. For instance, there were 5 LRRs on the left end and 7 LRRs on the right end in the rhesus macaque TLR4 protein extracellular region; there were 6 LRRs on the left end and 6 LRRs on the right end in that of the human; there was a low complexity region in the middle of the extracellular region for both species. The AA hydrophobicity analysis of the Tibetan macaque TLR4 protein by using the DNAMAN software, in accordance with the default parameters, showed that most regions of the Tibetan macaque TLR4 protein were hydrophobic and only 81 sections were hydrophilous. The number of the hydrophilous AA residues accounted for 43.16% of the number of the total AA residues (357/827). Taking into account the position of the 81 hydrophilous sections, there were 60 at the extracellular region, 3 at the transmembrane region and 18 at the intracellular region (Figure 3 ).
Phylogenetic analysis
The phylogenetic tree was constructed based on TLR4 gene exons of the Tibetan macaque and the homologous sequence of other primate species, including the human, chimpanzee, gibbon, rhesus macaque, cynomolgus monkey, pig-tailed monkey, squirrel monkey, and small-eared galago (Figure 4) . The phylogenetic tree showed that the Tibetan macaque, rhesus macaque, and cynomolgus monkey, which all belong to the same genus (Macaca), constituted a single clade, and the others formed a separate clade. First, the human and chimpanzee formed a sister relationship; they then clustered with the gibbon, 4 Macaca animals, and squirrel monkey; finally, they clustered with the small-eared galago, which belongs to the Prosimii. The Tibetan macaque was most closely related to the other 3 Macaca animals, the more closely related gibbon, chimpanzee, human, and squirrel monkey, in turn, and most distantly related to the small-eared galago. This result is consistent with the results of the homology comparison.
DISCUSSION
Nonhuman primates have the closest relationship to humans, and most have been widely used in human disease-related biomedical research. Understanding the genetic, especially the immunogenetic, background of nonhuman primates is crucial for identifying applications in biomedical research. TLR4 is an important member of the TLRs, it can specifically recognize the LPS on the surface of Gram-negative bacteria, and it is the major receptor of the natural immune system that recognizes pathogenic microorganisms. In this study, the complete coding sequence of the TLR4 gene was obtained from the Tibetan macaque genome by using PCR and direct sequencing. The sequence has a total length of 2481 bp, 3 complete exons, and encodes 826 AAs. The prediction of high protein structure showed that the Tibetan macaque TLR4 protein was a transmembrane protein comprised of one intracellular region, one extracellular region, and one transmembrane region, which is characteristic of other TLRs members (Huang et al., 2012) . There was higher homology in the nucleotide and AA sequence between the Tibetan macaque and the 8 other primate species (i.e., human, chimpanzee, gibbon, rhesus macaque, cynomolgus monkey, pig-tailed monkey, squirrel monkey, and smalleared galago), ranging from 60.9-99.5% to 51.4-99.0%, respectively. In fact, except for the small-eared galago, the nucleotide and AA sequence homologies were both >90%; in particular, the sequence homologies of the Tibetan macaque, rhesus macaque, and cynomolgus monkey, all belonging to the same genus Macaca, were up to 99% for nucleotide acids and 98% for AAs. The results show that the TLR4 gene is highly conserved in primates.
While TLR4 gene has a high degree of similarity among the different primate animals, it also presented a certain degree of variability between the 9 primate animals used in this study. For instance, in the alignment of the coding region nucleotide sequences (on the basis of the Tibetan macaque nucleotide sequence, 2481 bp), a total of 505 nucleotide variable sites were found, accounting for 20.35% of the total number of sites analyzed. With regard to the alignment of the deduced AA sequences (on the basis of the Tibetan macaque AA sequence, 826 AAs), 232 AA variable sites were found, accounting for 28.09% of the total number of sites analyzed. Further analysis showed that these variable sites were mainly located within the extracellular region (DNA, 86.34%; AA, 88.79%), which coincided with the function of the extracellular region because the region plays a role in the specific recognition of a pathogen and its products. The results showed that the notable variability in the extracellular region of the TLR4 gene might be related to differences in pathogen recognition among the different primates. In particular, between human and Macaca animals (i.e., Tibetan and rhesus macaques), the significant difference in the LRR composition pattern within the extracellular region of the TLR4 protein was likely a functional adaptation in the evolutionary process from nonhuman primates to humans. It is clear that human beings encounter distinct pathogenic microorganisms when compared to nonhuman primates. It is worth noting that there were significant differences in the number of 3′ end AAs, although a few interspecific variable sites were observed in the intracellular region (DNA, 11.09%; AA, 8.62%). For instance, compared to the 3′ end lengths of the Macaca animal TLR4 genes, those of the human and chimpanzee were 39 nucleotides (12 AAs) longer, the gibbon was 51 nucleotides (16 AAs) longer, and both the squirrel monkey and small-eared galago were 18 nucleotides (5 AAs) longer. The major function of the TLR4-protein intracellular region was to mediate the signal transduction and, finally, induce the immune response by providing docking sites to intracellular adaptor proteins (such as MyD88). Thus, the notable difference in the number of AAs of the 3′ end in the TLR4 protein intracellular region between different primates is likely related to their connection to different intracellular adaptor proteins, which ultimately induces different signal transduction pathways (Martin and Wesche, 2002) ; however, further study is required.
For the 9 primate species assessed in this study, it has been shown that the human is most closely related to the chimpanzee; then, the gibbon, Macaca animals (i.e., Tibetan macaque, rhesus macaque, and cynomolgus monkey), squirrel monkey, and small-eared galago; the human was most distantly related to the small-eared galago (Goodman et al., 1998) . In the present study, the topology of our phylogenetic tree based on the TLR4 gene exons strongly supports this result. However, among the 4 Macaca animals (i.e., Tibetan macaque, rhesus macaque, cynomolgus monkey, and pig-tailed monkey), which are closely related to each other, there was significant difference between our phylogenetic tree and the results obtained on the basis of morphological evidence. For instance, in a study on Macaca evolution (Jiang et al., 1992) , the Tibetan and rhesus macaques were closest to the pig-tailed and cynomolgus monkeys, respectively. However, in our study, the rhesus macaque was more closely related to the pig-tailed monkey, which then clustered with the cynomolgus monkey and Tibetan macaque. These results indicate that the phylogenetic tree constructed based on the primate TLR4 gene exons can provide a rough estimate of the phylogenetic relationship among pedigrees with distant relationships (for example, between families) but was unsuitable for judging the phylogenetic relationship among closely related pedigrees (e.g., between species within the same genus).
In conclusion, our results primarily show that the TLR4 gene is highly conservative among all the primate species assessed in this study, particularly with regard to the genus Macaca. However, high variation was also found in the extracellular region and 3′ end of the intracellular region, indicating functional adaptive evolution in primates. This study provides a basis for further study on the expression, regulation, polymorphism of the TLR4 gene and the relationship between the polymorphisms and host disease susceptibility.
